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RESEAFXH MEMORANDUM 

COMPARISON O F  CALCULATED AND EXPERIMENTAL TEMPERATURES 

By F ranc i s  S. Stepka 

SUMMARY 

Average spanwise blade temperatures and coo l ing -a i r  p re s su re  l o s s e s  

c a l c u l a t e d  and a r e  
through a small (1.4-in.  span, 0 .7- in .  chord) a i r - coo led  t u r b i n e  b l ade  
- - ^ _ ~  W C L ~  - 

d a t a .  Two methods of c a l c u l a t i n g  the  blade spanwise metal temperature 
d i s t r i b u t i o n s  are presented.  The method which considered t h e  e f f e c t  of 
t h e  length-to-diameter r a t i o  of the coolant passage on t h e  b l ad r - to -  
coolant h e a t - t r a n s f e r  c o e f f i c i e n t  and assumed constant  coolant  p r o p e r t i e s  
based on t h e  coolant  bulk temperature gave the b e s t  agreement w i t h  experi- 
mental data .  
and t i p  r eg ions  of  t h e  blade.  A t  t he  r o o t  region of t h e  blade,  t h e  agree-  
ment w a s  w i t h i n  3 percent  f o r  coolant flows w i t h i n  t h e  t u r b u l e n t  f low 
regime and wr th in  10 pe rcen t  f o r  coolant flows in t h e  iaminar regime. 
Tile c a l c u l a t e d  and measured cool ing-air  pressure l o s s e s  through t h e  b l ade  
agreed w i t h i n  5 pe rcen t .  

compared with experimental nonro ta t ing  cascade 

The agreement obtained w a s  within 3 pe rcen t  a t  t h e  midspan 

Calculated spanwise blade temperatures f o r  assumed turboprop engine 
ope ra t ing  cond i t ions  of 2000' F t u r b i n e - i n l e t  gas temperature and f l i g h t  
condi t ions of 300 knots a t  a 30,000-foot a l t i t u d e  agreed w e l l  w i t h  those  
obtained by t h e  e x t r a p o l a t i o n  o f  c o r r e l a t e d  experimental d a t a  of a s t a t i c  
cascade i n v e s t i g a t i o n  of t hese  blades.  

LNTRODUCTION 

The coo l ing  of small t u r b i n e  blades,  such as encountered i n  turboprop 
engines,  can be  much more d i f f i c u l t  than cooling t h e  l a r g e r  blades of 
t u r b o j e t  engines ( refs .  1 and 2 ) .  I n  addi t ion,  t h e  experimental  d a t a  
t h a t  have been obtained f o r  small blades are  meager. I n  order  t o  provide 
information u s e f u l  f o r  t h e  design of small air-cnnled blades,  t h i s  r e p o r t  
w i l l  show t h e  a p p l i c a b i l i t y  of methods f o r  a n a l y t i c a l l y  p r e d i c t i n g  t h e  
coo l ing -a i r  p r e s s u r e  l o s s e s  and the  average temperatures a t  var ious span- 
wise p o s i t  i k n s  of small t u r b i n e  blades.  ....... ....................... . .... 0 .  0 .  . 
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Reference 2 p r e s e n t s  a c o r r e l a t i o n  of experimental  b l ade  temperature  
data  that were obta ined  i n  a s t a t i c  cascade test  f a c i l i t y  over a range of  
gas temperatures and cool ing  a i r f l o w  r a t e s .  It is i n d i c a t e d  that t h e  cor-  
r e l a t i o n  parameters evolved permit  the e x t r a p o l a t i o n  of  experimental  b lade  
temperature d a t a  t o  condi t ions  o t h e r  than  test cond i t ions .  The a p p l i c a b i l -  
i t y  of a n a l y t i c a l  methods f o r  determining blade temperatures and cool ing-  
air p res su re  drops f o r  t hese  small blades i n  a manner similar t o  t h a t  em- 
ployed f o r  l a r g e r  t u r b o j e t  b lades  ( r e f .  3), however, w a s  not  known. This 
r epor t ,  t he re fo re ,  p r e s e n t s  a n a l y t i c a l  methods f o r  c a l c u l a t i o n  of b lade  
spanwise temperature d i s t r i b u t i o n s  and coo l ing -a i r  p r e s s u r e  drops and 
v e r i f i e s  t h e  c a l c u l a t e d  results wi th  the experimental  b l ade  temperature  
data  used i n  r e fe rence  2 and w i t h  t h e  experimental  coo l ing -a i r  pressure 
loss data p resen ted  herein. These a n a l y t i c a l  methods are a p p l i e d  t o  
p r e d i c t  coolant-f low requirements,  b lade  temperatures,  and coo l ing -a i r  
p ressure  drops f o r  a n  a i r - coo led  b lade  conf igu ra t ion  ope ra t ing  at a n  i n -  
creased gas temperature and a t  t y p i c a l  f l i g h t  condi t ions  of a turboprop 
engine. I n  add i t ion ,  these c a l c u l a t e d  b lade  temperatures  a r e  compared 
with those  p red ic t ed  by e x t r a p o l a t i o n  of t h e  c o r r e l a t e d  experimental  data 
of re ference  2. 

The comparisons of t he  c a l c u l a t e d  and experimental  nonro ta t ing  cas-  
cade data were made a t  t o t a l  gas temperatures of 600°, 900°, and 1200° F 
and f o r  t h r e e  cool ing  a i r f l o w  rates covering the range i n v e s t i g a t e d  i n  
re ference  2. The blade  coo l ing -a i r  i n l e t  temperatures  of the experimental  
data ranged from 150' t o  493O F. The r a t i o s  of average b l ade  meta l  t o  
average b l ade  coo l ing -a i r  temperatures (OR)  ranged from 1.18 t o  1.45. 
The engine and f l i g h t  condi t ions  assumed f o r  t h e  c a l c u l a t i o n s  of b l ade  
cool ing and p res su re  drop c h a r a c t e r i s t i c s  at high t u r b i n e - i n l e t  gas t e m -  
pera ture  were: a n  engine wi th  a compressor p r e s s u r e  r a t i o  of 10.9, an 
a i r f low of 13.4 pounds per second, and a t u r b i n e - i n l e t  gas temperature  
of 2000' F a t  a f l i g h t  cond i t ion  of 300 knots  and an  a l t i t u d e  of 30,000 
f e e t .  

SYMBOLS 

A flow area, s q  f t  

b e f f e c t i v e  f i n  length ,  f t  

C cons tan t  

s p e c i f i c  hea t  a t  cons tan t  p re s su re ,  Btu/( lb)  ( O F )  

hydraul ic  diameter of coolan t  passage, 4A/(wetted perimeter), 

cP 

f t  
%a 

hydraul ic  diameter of gas s i d e  of b lade ,  Zg/n, f t  Q% g 
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m a e m  e e m .  m a #  

m e  
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cons tan t ,  func t ion  of  b lade  t r a n s i t i o n  r a t i o  and E u l e r  number 

f u n c t i o n  of coolant  passage aspect  r a t i o  

f r i c t i o n  f a c t o r  

a c c e l e r a t i o n  due t o  g rav i ty ,  f t / s ec  

t u r b i n e  work, Btu/lb 

h e a t - t r a n s f e r  c o e f f i c i e n t ,  Btu/(sec) (sq f t )  (OF) 

e f f e c t  i ve b lade  - t o - coolant  heat - t r a n s f e r  c oef f i c  i e n t  , B t  u/ ( sec  ) 

2 

(sq f t ) (OF) 

mechanical equiva len t  of heat, f t - lb /Btu  

en t r ance  l o s s  c o e f f i c i e n t  

thermal conduct iv i ty ,  Btu/(sec) ( f t )  (OF) 

l e n g t h  of b lade  o r  passage, f t  

.-..-I 1 rrenim-+-- 
W 5 L . L  p G L  .LUG UGL , ft 

exponent, func t ion  of b lade  t r a n s i t i o n  r a t i o  and Euler  number 

number of  s e c t i o n s  of equivalent  f i n s  

p re s su re ,  Ib/sq f t  

P r a n d t l  number, gcpp/k 

gas cons tan t ,  f t -lb/ ( l b )  (OF) 

WaR, a Reynolds number of coolant  based on bulk  temperature, = =  

W a D h , a  - Ta 
Aapa,f Tf 

Reynolds number of coolant  based on f i l m  temperature, 
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average Reynolds number of  gas based on b lade  temperature,  

r ad ius  from cen te r  of r o t a t i o n  t o  cen te r  of  blade increment, f t  

f i n  spacing, f t  

temperature, OR 

p e r i p h e r a l  ve loc i ty  a t  hub of t u rb ine  r o t o r ,  f t / s e c  

ve loc i ty ,  f t / s e c  

weight-flow rate, lb/sec 

incremental  b lade  o r  coolant  passage length,  f t  

coolant  passage he ight ,  f t  

coolant  passage width, f t  

v i scos i ty ,  ( l b )  (sec) /sq f t  

dens i ty ,  lb/cu f t  

f i n  thickness ,  f t  

angular  veloc i t y  , r ad ians  / s  ec  

Subscrip ,s : 

a 

B blade o r  b lade  metal 

cool ing a i r  o r  cool ing-a i r  s i d e  

C c ompres s or  

e e f f e c t i v e  

f f i l m  temperature 

g combustion gas o r  combustion-gas s i d e  

i blade i n l e t  

i n  i n s i d e  of coolant  passage at en t rance  
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0 o u t l e t  

X condi t ion  a t  x f e e t  above blade r o o t  

c index of summation 

.OD f u l l y  e s t a b l i s h e d  flow, cooling a i r  

Sclperscripts : 

t t o t a l  condi t ions  

- average condi t ions  f o r  an  incremental  l eng th  

- - average condi t ions  f o r  e n t i r e  blade 

DESCRIPTION OF BLADE AND PRESSURE DROP APPARATUS 

The a i r -cooled  tu rb ine  r o t o r  b lade  conf igura t ion  s e l e c t e d  f ~ r  the 
a n a l y t i c a l  determinat ion of blade temperature d i s t r i b u t i o n s  and cool ing-  
air p res su re  l o s s e s  is the  same as that of t h e  b lade  f o r  which experimental  
temperature data were obtained i n  the  inves t iga t ion  of  r e fe rence  2. The 
-Lau=, ~ = ~ c ~ ~ c u  u u  LLGLC'LLI  as the cast f l t ineir  blade, has a span and chord 
of approximately 1.4 and 0.7 inch, r e spec t ive ly .  Cross-sec t iona l  views 
of t h e  t i p ,  midspan, and r o o t  reg ions  of the b l ade  are shown i n  f i g u r e  1. 
The e x t e r n a l  b lade  s i z e  and a i r f o i l  shape are t h e  same as those employed 
i n  t h e  f i r s t - s t a g e  tu rb ine  r o t o r  of a cur ren t  uncooled commercial turbo-  
prop engine.  
from, ttrc? g m t s  as shmm in t ;=u res  &6 1 ana ~(a): 
i n t e g r a l l y  c a s t  base,  t h e  a i r f o i l  suc t ion  sur face ,  and t h e  cool ing  f i n s ;  
and the  o t h e r  a formed sheet-metal  pressure su r face .  The formed shee t -  
metal  s h e l l  was  brazed i n  t h e  r eces ses  a t  t h e  lead ing-  and t r a i l i ng -edge  
reg ions  of the b lades  t o  several of t h e  cas t  cool ing  f i n s  ( f i g .  1) and 
t o  t h e  base i n  t h e  roo t  region.  A photograph of a completed b lade  is  
shown i n  f i g u r e  2(b) .  
f a b r i c a t i o n  is  presented  i n  r e fe rence  2. 

h l - A , .  n--P-...--a c, L - - - A -  

A s  a matter  of i n t e r e s t ,  the cooled b lade  was f a b r i c a t e d  
=ne pzrt includes an 

A more d e t a i l e d  desc r ip t ion  of t h e  b lade  and its 

A schematic ske tch  of t h e  apparatus  and ins t rumenta t ion  used t o  ob- 
t a i n  the  coo l ing -a i r  en t rance  l o s s  c o e f f i c i e n t  and t h e  o v e r - a l l  cool ing-  
air p res su re  l o s s e s  f o r  t he  c a s t  f i nned  blade i s  shown i n  f i g u r e  3. The 
t e s t - b l a d e  base  was  brazed t o  a sheet-metal  duct  through which l abora to ry  
compressed air was  suppl ied  t o  the  b lade .  The duct used was intended t o  
s imulate  a b lade  en t rance  which might be  expected when cool ing air is  
suppl ied  t o  b lades  i n  a tu rb ine  r o t o r .  I n  a d d i t i o n  t o  t h e  ins t rumenta t ion  
shown i n  f i g u r e  3, a thermocouple t o  measure t h e  t o t a l  cool ing-a i r  t e m -  
p e r a t u r e  w a s  l oca t ed  i n  a plenum chamber upstream of the cool ing-a i r .  
en t rance  duc t .  The s t a t i c  p re s su re  a t  the b l ade  t i p  w a s  t h e  measured 
ambient p r e s s u r e .  

m m m  m a a m  m m m  mama m m m  ma 
mama m a  m a  '!b4@'@::* * a m  m m m m m  

m a  
m m m  ~ . .  . .. 

m a  m e  m a  a m  m a m m a  m a  
m m m  mama mea m a m a  o m m  m o m  m m m  m a  ma m a  
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ANALYSIS AND PROCEDURE 

The b l ade  metal and coo l ing -a i r  temperatures a t  var ious spanwise 
p o s i t i o n s  were obtained from a n  i t e ra t ive  procedure which u t i l i z e d  heat 
balances between gas and coolant  a t  t h e  spanwise p o s i t i o n  under consider-  
a t ion .  To s o l v e  t h e s e  h e a t  balances i t  w a s  necessary t o  determine t h e  
gas-to-blade and blade-to-coolant h e a t - t r a n s f e r  c o e f f i c i e n t s  and t o  ac -  
count f o r  t h e  e f f e c t i v e n e s s  of coo lan t  passage f i n s .  

Ca lcu la t ions  of Gas-to-Blade Heat-Transfer C o e f f i c i e n t  
= 

The gas-to-blade h e a t - t r a n s f e r  c o e f f i c i e n t  hg used i n  the a n a l y s i s  
i s  an average c o e f f i c i e n t  f o r  the b lade  and was obtained from t h e  c o r r e l a -  
t i o n  equa t ion  of r e f e r e n c e  4: 

where F = 0.092 and m = 0.070. The values of F and m, which were 
obtained from re fe rence  5, are the average values of  t e n  r o t o r  b l ade  pro-  
f i l e s  including bo th  impu l se  and r e a c t i o n  b l ades .  
were eva lua ted  a t  the average metal temperature of t h e  e n t i r e  b l ade  
Equation (1) can be expressed as 

The gas p r o p e r t i e s  - used - 
TB- 

The average gas-to-blade h e a t - t r a n s f e r  c o e f f i c i e n t  as determined from 
equation (2)  w a s  used a t  each spanwise l o c a t i o n  considered i n  the 
c a l c u l a t i o n s .  

Ca lcu la t ions  of Blade-to-Coolant Heat-Transfer Coef f i c i en t  

Two methods of c a l c u l a t i n g  blade-to-coolant h e a t - t r a n s f e r  c o e f f i c i e n t s  
were used i n  o rde r  t o  determine which best p r e d i c t e d  the experimental  blade 
spanwise temperature d i s t r i b u t i o n .  One of the methods used w a s  t h e  same 
as t h a t  used t o  p r e d i c t  temperatures of t u r b i n e  b l a d e s  f o r  t u r b o j e t  engines 
( r e f s .  3 and 6) wherein the f low through the blades w a s  assumed f u l l y  
developed. Reference 6 p r e s e n t s  t h e  equat ions f o r  determining the blade- 
to-coolant  h e a t - t r a n s f e r  c o e f f i c i e n t s ,  which i n  t h e  n o t a t i o n  of this re- 
po r t  f o r  f low i n  t h e  assumed t u r b u l e n t  (Reynolds number greater than  
6000) and laminar (Reynolds number less than  2300) f low reg ions ,  respec-  
t i v e l y ,  are 

....................... .......... 
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The term F(a) i s  a func t ion  of aspec t  r a t i o  of the coolant  passage, which 
i s  t h e  r a t i n  n f  tho he ight  t o  the w i d t h  of  t h e  coolan t  passage (e.g. ,  y/z 
i n  f i g .  1). 
erence 7 .  
b l ade  wgs gyyrnximately 3 and that f n r  the h n l l n w - t f y  reginn_ was Byproxi- 
mately 8. 
7 were 4.77 and 6.5, r e spec t ive ly .  The coolant p r o p e r t i e s  a long  the 
blade span were eva lua ted  at l o c a l  f i l m  temperatures. 
t u r e  w a s  assumed t o  be t h e  a r i t hme t i c  average of t h e  b lade  metal and 
coolant  temperatures at each spanwise pos i t i on  considered.  

V a l u e s  of F(U) are given f o r  var ious a spec t  r a t i o s  i n  ref- 
The aspec t  r a t i o  f o r  the  f inned  p o r t i o n  of the c a s t  f i nned  

The corresponding values of F(a) as obta ined  from re fe rence  

The f i l m  tempera- 

The e f f ec t iveness  of  coolant  passage f i n s  w a s  accounted for by re- 
p lac ing  t h e  coolant  passage geometry ( f o r  the r eg ion  of t he  b lade  where 
the  f i n s  were loca ted)  by one of equivalent  f i n s  (ref. 3) and by using 
t h e  equat ion f o r  t h e  e f f e c t i v e  blade-to-coolant h e a t - t r a n s f e r  c o e f f i c i e n t  
(cq. (61, ref .  3). 
i s  

!Phis equat ion e q s e s s e d  I n  the n o t a t i e n  ef this  repert 

The ana lyses  of r e fe rences  3 and 6 assumed f u l l y  developed flow 
througn t h e  b l ade .  
to-coolant  h e a t - t r a n s f e r  c o e f f i c i e n t  would be small because of t h e  l a r g e  
length-to-diameter r a t i o  of t h e  t u r b o j e t  blades (L/p41,a - 7 0 ) .  
length- to-diameter  r a t i o  of t h e  small turbine b lade  (Lr%,a = 38) con- 
s ide red  he re in ,  however, was small compared wi th  t h a t  of t h e  b l ades  f o r  
t u r b o j e t  engines .  
coolant  hea t - t r ans fe r  c o e f f i c i e n t s ,  therefore ,  considered t h e  coolan t  
passage en t rance  e f f e c t s ,  t h a t  i s ,  t he  Lf%,, e f f e c t .  

The blade-to-coolant  N u s s e l t  number used f o r  t h e  second method of 
c a l c u l a t i n g  b lade  temperatures was  an average f o r  t h e  en t i re  b lade  and 
w a s  obtained from c o r r e l a t i o n  equat ions for  f low through r ec t angu la r  
tubes (ref. 7 ) .  
bu len t  and laminar flow a r e ,  r e spec t ive ly ,  

it w a s  assumed t'nat entrance e f f e c t s  on t h e  biade-  

The 

The second method used to  determine t h e  blade-to-  

I n  t h e  no ta t ion  of t h i s  repor t ,  t h e  equat ions f o r  t u r -  
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The v a l u e s  of t h e  cons tan t  C and t h e  term F(a)  i n  equat ion  (7 )  are 
dependent on t h e  aspec t  r a t i o  of the coolant  passages.  
r a t i o  of  t h e  coolant  passages,  when neglec t ing  the  small l eng th  of b lade  
near the t i p  which d i d  not  have f i n s  i n  t h e  passage, was about 3. 
values of C and F(a) a t  an a spec t  r a t i o  of 3 as obta ined  from refer- 
ence 7 were 0.009 and 4.77, r e spec t ive ly .  
i n  equat ions (6) and (7)  were based on t h e  bulk  temperature of t h e  coolan t .  
The bulk temperature was t h e  a r i t hme t i c  average of t h e  air temperatures of 
t he  b lade  i n l e t  and e x i t .  Because of t h e  v a r i a t i o n  of  the  hydraul ic  diam- 
e t e r  of t h e  coolant  passage a long  t h e  b lade  span and i n  order  t o  consider  
t h i s  v a r i a t i o n  i n  t h e  coolant  passage diameter,  t h e  blade-to-coolant  hea t -  
t r a n s f e r  c o e f f i c i e n t  h, 

The average a spec t  

The 

The coolant  p r o p e r t i e s  used 

at a given spanwise p o s i t i o n  was def ined  as 

(z)aza 
h,= 

The e f f ec t iveness  of t h e  f i n s  i n  t h e  coolant  passage w a s  accounted f o r  i n  
t he  same manner as discussed previous ly  and by t h e  use  of equat ion  (5). 
The N u s s e l t  numbers i n  t h e  assumed t r a n s i t i o n  flow reg ion  (Reynolds numbers 
between 2300 t o  6000) were obtained by assuming a s t r a i g h t - l i n e  r e l a t i o n  
of N u s s e l t  number wi th  Reynolds number i n  t h i s  range and by using N u s s e l t  
numbers c a l c u l a t e d  from equat ion (3) o r  (6)  as t h e  turbulent-f low end 
poin t  and from equat ion  (4) o r  (7)  as t h e  laminar-flow end p o i n t .  

Calcu la t ion  of Spanwise Blade and Cooling-Air Temperatures 

I n  t h e  a n a l y s i s  t h e  blade span was div ided  i n t o  fou r  approximately 
equal increments. The geometry parameters were obta ined  by c u t t i n g  the  
t e s t  b lades  after completion of t h e  i n v e s t i g a t i o n  of r e fe rence  2 at t h e  
f o u r  spanwise l o c a t i o n s  considered h e r e i n  and making photographs of t h e  
cross  s e c t i o n s  a t  a magnif icat ion of 10. The c a l c u l a t i o n  of b l ade  t e m -  
pe ra tu re s  f o r  comparison wi th  t h e  experimental  data of  r e fe rence  2 w a s  
made f o r  t h e  three cascade gas temperatures of 60O0, 9000, and 1200° F 
considered i n  t h a t  i n v e s t i g a t i o n  and f o r  three cool ing  a i r f l o w  rates, 
which represented  t h e  extremes and t h e  middle values  of  t he  r a t e s  that 
were suppl ied  t o  t h e  test blades a t  each gas temperature.  The a n a l y s i s  
was  made by using t h e  average v e l o c i t i e s  of t h e  combustion gas r e l a t i v e  
t o  the blades,  average combustion-gas s t a t i c  p re s su res ,  e f f e c t i v e  gas 
spanwise temperature d i s t r i b u t i o n s ,  and t h e  b lade  coo l ing -a i r  i n l e t  tem- 
pe ra tu res  obtained i n  t h e  experimental  i n v e s t i g a t i o n  of re ference  2.  

....................... .......... 
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The i t e r a t i v e  procedure f o r  c a l c u l a t i n g  the spanwise blade and 
coo l ing -a i r  temperatures w a s  f irst  t o  assume a n  average blade temperature 
TB, which toge the r  with the average veloci ty  of  t h e  gas relative t o  the 
blade,  t h e  average hydraul ic  diameter of the gas side of the blade,  and 
t h e  gas p s q e r t i e s  eva lua te6  a t  TB ----itted Y”L u c a l c u l a t i o n  of t h e  gas-ts- 
blade h e a t - t r a n s f e r  c o e f f i c i e n t  by use of equat ion ( 2 ) .  
average chordwise blade temperatuse T B , ~  f o r  each spanwise p o s i t i o n  and 
by s p e c i f y i n g  the e f f e c t i v e  gas temperature d i s t r i b u t i o n ,  the geometry of 
t h e  blade,  the coolant-flow rate, and the  coolant  temperature a t  the r o o t ,  
t h e  coolant  temperature a t  o tne r  tnan t h e  roo t  p o s i t i o n  could be  obtained.  
This w a s  done by adding the  coolant  temperature r ise  f o r  each increment 
t o  t h e  coolant  temperature a t  t h e  beginning of t he  increment. The inc re -  
mental temperature r i se  of t h e  coolant w a s  obtained from t h e  follow- 
ing  h e a t  balance: 

- - 

- - 

By assuming a n  

o r  

For c a l c u l a t i o n  of  blade temperature of a nonrotat ing b l ade  t h e  last  term 
of equat ion (lo), t h e  a i r  temperature r i s e  due t o  t h e  pumping work done 
on the air  over the increment, i s  zero so t h a t  

The va lues  of  Tg,e and ?B i n  equations (9) t o  (11) are t h e  a r i t h m e t i c  
average of  the temperatures at the  beginning and end of  a n  increment. 
The e f f e c t i v e  blade-to-coolant hea t - t r ans fe r  c o e f f i c i e n t  a t  each span 
p o s i t i o n  w a s  then c a l c u l a t e d  by use of equations (3) o r  (4) and (5) when 
t h e  coo lan t  f low w a s  considered t o  be  fully developed. 
chordwise b l ade  temperature 
by s o l v i n g  the fol lowing heat  balance equation: 

The assumed average 
T B , ~  at each span l o c a t i o n  was then  checked 

where Tg,e,x and T;,x are the e f f e c t i v e  gas temperature and the t o t a l  
coo l ing -a i r  t e m p e r a t u r e  r e l a t i v e  t u  t h e  biade. ‘Tne latter temperature i s  
approximately equa l  t o  t h e  e f f e c t i v e  a i r  temperature f o r  subsonic Mach 
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numbers. The assumed average b l ade  temperature TB w a s  checked w i t h  the 
i n t e g r a t e d  average of the c a l c u l a t e d  spanwise blade temperature d i s t r i b u -  
t i on .  If agreement w a s  not obtained, the process  was repea ted .  

I n  the c a l c u l a t i o n s  which accounted f o r  t h e  b l ade  en t r ance  e f f e c t  on 
t h e  hea t  transfer t o  the coolant ,  the blade-to-coolant h e a t - t r a n s f e r  
c o e f f i c i e n t  w a s  obtained by use of  equat ions (6) o r  ( 7 ) ,  ( 8 ) ,  and (5) 
a f t e r  a coolant  bulk temperature Ta w a s  assumed. An i t e r a t i v e  procedure 
was then used t o  c a l c u l a t e  the spanwise b l ade  and coolant  temperature by 
use of equat ions (11) and (12).  

TB and the assumed coolant  bu lk  temperature Ta were checked wi th  i n t e -  
grated averages of the c a l c u l a t e d  spanwise d i s t r i b u t i o n s ,  and, if agree- 
ment w a s  not  obtained, t h e  p rocess  was repeated.  

- - 

The assumed average blade temperature - - - - 

Calcu la t ion  of Blade Cooling-Air P res su re  Loss 

The coo l ing -a i r  pressure loss through the b lade  a i r f o i l ,  which w a s  
divided i n t o  f o u r  approximately equa l  incremental  l eng ths ,  w a s  - c a l c u l a t e d  
by the method of reference 8. The average f r i c t i o n  f a c t o r  f used i n  
t h e  c a l c u l a t i o n s  w a s  determined by t h e  use of the fol lowing c o r r e l a t i o n  
equations f o r  laminar and t u r b u l e n t  flows, r e s p e c t i v e l y ,  ob ta ined  from 
reference 7 and given i n  the n o t a t i o n  of t h i s  r e p o r t :  

- 

and 

The term [f(Re)], 
passage a spec t  r a t i o  of  3, t h e  value of [f(Re)], as obtained from ref- 
erence 7 was 17.1.  
r e f e rence  8 permit c a l c u l a t i o n  of t h e  p re s su re  l o s s  through t h e  a i r f o i l  
only, t h e  pressure l o s s  at t h e  b l ade  entrance due t o  a sudden c o n t r a c t i o n  
of the flow passage is  r equ i r ed  i n  o rde r  t o  c a l c u l a t e  the o v e r - a l l  p re s -  
su re  loss. The p res su re  drop a c r o s s  t h e  b l ade  en t r ance  can be  determined 
by so lv ing  the following equat ion from re fe rence  9, which i s  p re sen ted  
i n  the nomenclature of th i s  r e p o r t :  

i s  a func t ion  of  passage  a s p e c t  r a t i o .  For a coolant  

Inasmuch as the previous equat ions and t h e  method of  
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Because of t h e  l a c k  of  information on entrance loss  c o e f f i c i e n t s  f o r  f low 
cond i t ions  and geometries which would dupl icate  those  a t  the entrance t o  
t h e  blade, a n  experimental ly  determined value of the c o e f f i c i e n t  K f o r  
t h e  test  b l ade  w a s  used. I n  the determination of coo l ing -a i r  pressure 
loss  through the b lade  f o r  comparison with experimental  da t a ,  the t i p  
s t a t i c  p r e s s u r e  and the coo l ing -a i r  temperature of the experimental  i n -  
v e s t i g a t i o n  were used. 

Experimental Determination of  Blade Cooling-Air P res su re  Loss 

The experimental  p r e s s u r e  l o s s e s  f o r  t h e  c a s t  f i n n e d  b l ade  were ob- 
t a i n e d  at room temperatures and pressures  w i t h  the appa ra tus  descr ibed 
p rev ious ly .  The coo l ing -a i r  p re s su re  losses  were obtained over a range 
of coolant-flow rates from 7 ~ 1 0 - ~  t o  8 . 6 ~ 1 0 ' ~  pound per second. 
covered t h e  lowest flow t h a t  could be measured i n  t h i s  i n s t a l l a t i o n  t o  
approximately choked flow i n  the b lade .  The coo l ing -a i r  i n l e t  tempera- 
t u r e  w a s  cons t an t  f o r  the i n v e s t i g a t i o n  and w a s  approximately 80' F. 
o v e r - a l l  p r e s s u r e  l o s s  was the  measured d i f f e rence  between the i n l e t  t o t a l -  
p re s su re  probe reading and the t i p  s t a t i c  p re s su re ,  which w a s  assumed t o  
be ambient pressure. The blade entrance loss c o e f f i c i e n t  K w a s  obtained 
by t h e  method descr ibed i n  r e f e r e n c e  9 .  This method r e q u i r e s  t h e  u s e  of 
t h e  experimental  data i n  t h e  parameter at t h e  l e f t  s i d e  of equat ion (15) 
and i n  the  parameter i n  parentheses  on the r i g h t  of the same equat ion.  
The f irst  parameter i s  then  p l o t t e d  as the o r d i n a t e  a g a i n s t  t h e  second 
parameter on log-log paper f o r  each data p o i n t .  
of K may be determined. 

The range 

The 

From this p l o t  the value 

RESULTS AND DISCUSSION 

Comparison of Calculated and Experimental Blade 

Spanwise Temperature D i s t r i b u t i o n s  

The spanwise blade metal temperature d i s t r i b u t i o n s  f o r  t h e  1200' F 
gas temperature were c a l c u l a t e d  using the two methods o f  c a l c u l a t i o n  al-  
ready desc r ibed .  One assumed f u l l y  developed coolant  flow, based t h e  
coolant  p r o p e r t i e s  on f i l m  temperature, and considered t h e  v a r i a t i o n  of  
p r o p e r t i e s  w i th  f i l m  temperature a long  the blade span. 
considered t h e  e f f e c t  of  t h e  length-to-hydraulic-diameter r a t i o  o f  t h e  
coolant  passage on t h e  blade-to-coolant hea t - t r ans fe r  c o e f f i c i e n t  and 
assumed cons t an t  coolant  p r o p e r t i e s  based on the coolant  bulk temperature.  
The c a l c u l a t e d  spanwise blade temperature d i s t r i b u t i o n s  f o r  three coolant-  
flow rates at a n  i n l e t  t o t a l  gas temperature of  approximately 1200' F are 
p resen ted  i n  f i g u r e  4 t oge the r  w i t h  experimentally ob ta ined  d a t a  p o i n t s  
a t  t h e  r o o t ,  midspan, and t i p  regions of t he  blade.  

The o the r  method 

The experimental  data 
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points  used were those used i n  r e f e r e n c e  2 and were the average of s i x  
thermocouple readings around t h e  pe r iphe ry  of t h e  b l ade  a t  each of  t h e  
three span l o c a t i o n s .  
c a l c u l a t i n g  t h e  spanwise b l ade  metal temperatures ag reed  reasonably w e l l  
with experimental  data, bet ter  agreement w a s  obtained us ing  the method 
involving equat ions (6) and (7) which considered the length-to-diameter 

r a t i o  (Lr%,, - 38)' of the coolant  passage and assumed constant  coo lan t  
p r o p e r t i e s .  The agreement of t h e  temperatures c a l c u l a t e d  by this  method 
and t h e  experimental  data at t h e  midspan and t i p  r e g i o n s  of the b lade  
was wi th in  3 pe rcen t .  A t  the r o o t  r eg ion  t h e  agreement was w i t h i n  3 pe r -  
cent f o r  the two turbulent-f low runs  and about 7 pe rcen t  for the laminar- 
flow run.  Inasmuch as equat ions (6) and (7)  (used t o  eva lua te  the blade-  
to-coolant h e a t - t r a n s f e r  c o e f f i c i e n t )  are dependent on t h e  l eng th - to -  
diameter r a t i o  L r a , a  of  the coolant  passage, c a l c u l a t i o n s  were a l s o  
made t o  determine t o  what e x t e n t  t h e  agreement between c a l c u l a t e d  and 
experimental data at t h e  r o o t  r e g i o n  might be  improved by cons ide r ing  
t h e  length-to-diameter r a t i o  f o r  a l e n g t h  of b l ade  a s h o r t  d i s t a n c e  from 
t h e  r o o t .  The d i s t a n c e  from t h e  r o o t  (approx. 0.56 in . )  f o r  this calcu-  
l a t i o n  was determined f o r ' a  length-to-diameter r a t i o  of  20, which w a s  t h e  
lower l i m i t  f o r  which equat ions ( 6 )  and (7)  were experimental ly  v e r i f i e d  
as v a l i d  i n  r e fe rence  7 .  The blade spanwise metal temperature d i s t r i b u -  
t i ons  obtained from t h e s e  c a l c u l a t i o n s  are a l s o  shown i n  f i g u r e  4. The 
improvement i n  agreement w i t h  experimental  data w a s  small as compared wi th  
the  data which were c a l c u l a t e d  by consider ing t h e  f u l l  l eng th  of b l ade  

( L h , a  - 38). 
which assumed constant  coolant  p r o p e r t i e s  and determined t h e  blade-to-  
coolant h e a t - t r a n s f e r  c o e f f i c i e n t  by use of equat ions (6) and (7) f o r  a n  

L/ZZ,a 
the  600° and 900' F gas temperature runs  as w e l l  as f o r  an e l e v a t e d  t e m -  
pe ra tu re  a p p l i c a t i o n ,  which i s  discussed i n  a later s e c t i o n .  
t h e  average blade temperatures c a l c u l a t e d  by this method a g a i n s t  t h e  
measured average temperatures at t h e  r o o t ,  midspan, and t i p  r eg ions  f o r  a l l  
three i n l e t  gas temperatures and over t h e  e n t i r e  range of coolant  f lows 
of the i n v e s t i g a t i o n  of r e fe rence  2 i s  shown i n  f i g u r e  5. The agreement 
of the temperatures about a l i n e  r e p r e s e n t i n g  100-percent agreement i s  
good. The maximum dev ia t ion  a t  t h e  t i p  and midspan r eg ions  w a s  less than  
3 percent.  
coolant f lows i n  t h e  t u r b u l e n t  regime and w i t h i n  10 p e r c e n t  f o r  coolant  
f l o w  i n  t h e  laminar regime. 

The r e s u l t s  i n d i c a t e  t h a t ,  a l though bo th  methods of 

- 

Since t h e  improvement was small, the c a l c u l a t i o n  method 

of 38 w a s  used t o  determine t h e  spanwise b l ade  temperatures f o r  

A p l o t  of 

A t  the r o o t  r e g i o n  t h e  agreement w a s  w i t h i n  3 pe rcen t  f o r  

Comparison of Calculated and Experimental Cooling-Air P res su re  Loss 

The c a l c u l a t e d  coo l ing -a i r  pressure l o s s  through t h e  c a s t  f i n n e d  b l ade  

The agreement between t h e  c a l c u l a t e d  and experimental  data w a s  with- 
f o r  a range of coolant  f lows i s  shown i n  f i g u r e  6 a long  wi th  experimental  
data.  
i n  5 pe rcen t .  
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The coo l ing -a i r  pressure l o s s  due t o  con t r ac t ion  at the b lade  entrance 
was  found t o  be a small p a r t  of t h e  t o t a l  coo l ing -a i r  pressure l o s s  of the 
blade.  The coo l ing -a i r  p r e s s u r e  l o s s  a t  the b l ade  en t r ance  was  1 t o  6 per- 
cent  of the o v e r - a l l  p re s su re  l o s s  f o r  cooling a i r f l o w s  of  0.004 and 0.0088 
pound p e r  second, r e s p e c t i v e l y .  The experimental en t r ance  lo s s  c o e f f i c i e n t  
K w a s  0.37. 

Blade Temperature and P res su re  Losses a t  Elevated Tezperatures  

I n  view of  t h e  good agreement between the c a l c u l a t e d  and experimental  
s t a t i c  cascade &ta, the Slade t e q e r a t u r z a  and coo l ing -a i r  p r e s s u r e  l o s s e s  
f o r  the c a s t  f i n n e d  blade conf igu ra t ion  were c a l c u l a t e d  by assuming opera- 
t i o n  i n  a t y p i c a l  turboprop engine a t  an i n l e t  gas tewerature of  2000° F 
and f l i g h t  cond i t ions  of 300 knots  at a 30,000-foot a l t i t u d e .  The condi- 
t i o n s  assumed f o r  t h e  engine are as follows: 

Compressor-inlet p re s su re  recovery,  percent  . . . . . . . . . . . .  100 
Compressor pressure r a t i o  . . . . . . . . . . . . . . . . . . . . .  10.9 
Compressor e f f i c i e n c y  . . . . . . . . . . . . . . . . . . . . . . .  0.77 
Compressor a i r f l o w ,  lb/sec . . . . . . . . . . . . . . . . . . . .  13.4 
Combustor p r e s s u r e  l o s s  r a t i o  . . . . . . . . . . . . . . . . . . .  0.95 
Turbine e f f i c i e n c y  . . . . . . . . . . . . . . . . . . . . . . . .  0.85 
Number of t u r b i n e  s t a g e s  . . . . . . . . . . . . . . . . . . . . . .  4 
Turbine r o t a t i v e  speed, r p m  . . . . . . . . . . . . . . . . . . .  13,820 
Turbine work parameter, g J  &I/U2, last s tage . . . . . . . . . . .  2.5 
Turbine work parameter of first three stages 

c u l a t e d  t o  be 2.9) 
Exhaust-nozzle pressure r a t i o  . . . . . . . . . . . . . . . . . . .  0.92 

b 

. . .  Assumed equa l  ( ca l -  

The gas-flow condi t ions relative t o  t h e  f i r s t - s t a g e  t u r b i n e  r o t o r  b l ades  
were determined from t h e  assumed engine condi t ions.  The spanwise e f f e c t i v e  
gas temperature d i s t r i b u t i o n  re la t ive t o  the r o t o r  b l ades  f o r  a n  average 
i n l e t  t o t a l  temperature of 2000° F was assumed similar i n  shape t o  t h a t  
obtained i n  t h e  experimental s t a t i c  cascade i n v e s t i g a t i o n  of r e f e r e n c e  2 
and i s  shown i n  f i g u r e  7.  This  shape of the e f f e c t i v e  gas temperature 
p r o f i l e  w a s  assumed i n  o rde r  t o  permit comparison o f  the e x t r a p o l a t e d  data 
of r e fe rence  2 w i t h  these c a l c u l a t e d  resul ts  on t h e  same b a s i s .  The shape 
of t h e  p r o f i l e  assumed is a l s o  similar t o  t h a t  which might be expected i n  
a n  engine.  The s t a t i c  p r e s s u r e  at t h e  blade t ips ,  used f o r  t h e  c a l c u l a -  
t i o n s  of t h e  b l ade  pressure l o s s e s ,  was the a r i t h m e t i c  average of t h e  
c a l c u l a t e d  t i p  s t a t i c  gas p re s su res  ac ross  the r o t o r  s t a g e .  The b lade  
en t r ance  coo l ing -a i r  temperature was  assumed t o  be 623' F ( c a l c u l a t e d  
compressor-exit b l eed  temperature p l u s  a n  assumed looo F r i se  i n  the air  
temperature as it is ducted from t h e  compressor t o  t h e  en t r ance  of  t h e  
b l a d e s ) .  

*ma maa moa mea amam mom ma 
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Cooled b l ade  temperatures.  - The c a l c u l a t e d  spanwise temperature 
d i s t r i b u t i o n  of  t h e  f i r s t - s t a g e  t u r b i n e  r o t o r  b l ades  and t h e  b l ade  coo lan t  
temperature r ise  f o r  coolant-flow r a t i o s  ( r a t i o  of coo l ing -a i r  t o  
combustion-gas flow) of 0.015, 0.02, and 0.03 are p resen ted  i n  f i g u r e  7.  
Also shown i n  t h e  f i g u r e  i s  the spanwise b l ade  temperature d i s t r i b u t i o n  
a t  a coolant-flow r a t i o  of 0.015 obtained by e x t r a p o l a t i o n  of t h e  cor-  
r e l a t e d  experimental  data of r e f e r e n c e  2 by t h e  method p resen ted  i n  re f -  
erence 2. The agreement between t h e  c a l c u l a t e d  temperature d i s t r i b u t i o n  
and that obtained by e x t r a p o l a t i o n  of  t h e  data of r e f e r e n c e  2 was w i t h i n  
2 percent  above the midspan r e g i o n  of  t h e  b l ade  and w i t h i n  10 pe rcen t  a t  
3/16 i n c h  above the blade r o o t .  This  agreement i s  similar t o  that ob- 
t a ined  p rev ious ly  when c a l c u l a t e d  blade temperature d i s t r i b u t i o n s  were 
compared t o  the experimental  b l ade  temperature data that were used i n  
r e fe rence  2. This  agreement might be expected because t h e  equat ions used 
t o  o b t a i n  the c o r r e l a t i o n  parameters i n  r e f e r e n c e  2 are the same as those  
used h e r e i n  f o r  the c a l c u l a t i o n  of  b l ade  temperatures.  

I n  o rde r  t o  determine t h e  c r i t i c a l  r e g i o n  of t h e  b l ades  a t  the condi- 
t i ons  assumed, a n  al lowable b l ade  spanwise temperature d i s t r i b u t i o n  curve 
was  obtained.  This curve w a s  tangent t o  t h e  curve of  the c a l c u l a t e d  blade 
temperature d i s t r i b u t i o n  at a coolant-flow r a t i o  of 0.015 ( f i g .  7 ) .  
point  of  tangency of t h e  two curves,  which i s  approximately a t  t h e  midspan 
of t h e  blade,  i n d i c a t e s  the c r i t i c a l  r e g i o n  of  the blade.  
of t h e  b l ade  is a l s o  t h e  spanwise r eg ion  of t h e  blade where the c a l c u l a t e d  
blade metal temperatures agreed w e l l  w i th  experimental  d a t a .  The allow- 
ab le  spanwise temperature d i s t r i b u t i o n  curve shown i n  f i g u r e  7 w a s  based 
on a stress r a t i o  f a c t o r  ( r a t i o  o f  a l lowable s t r e s s - r u p t u r e  s t r e n g t h  t o  
c a l c u l a t e d  c e n t r i f u g a l  stress) of 2.8 and a l i f e  of 1000 hours f o r  the 
high-temperature a l l o y  HS-31. The stress r a t i o  f a c t o r  of 2.8 appears  
adequate based on v a l u e s  of t h i s  f a c t o r  obtained i n  r e fe rences  10 t o  1 2  
f o r  blades i n  a t u r b o j e t  engine.  Reference 10 showed t h a t ,  f o r  one type  
of blade conf igu ra t ion  made of a l l o y  17-22A(S), t h e  r e q u i r e d  stress r a t i o  
f a c t o r  w a s  2.3. V a l u e s  of stress r a t i o  f a c t o r s  between 1.2 and 1.5 were 
obtained i n  r e f e r e n c e s  11 and 12 f o r  b l ade  conf igu ra t ions  made of a l l o y  
HS-31. The b lades  i n  these two r e f e r e n c e s  were either i n v e s t i g a t e d  un- 
cooled o r  w i th  small q u a n t i t i e s  of  coo l ing  air w i t h  t h e  r e su l t  t h a t  t h e  
p e r i p h e r a l  temperature g r a d i e n t s  and t h e  r e s u l t i n g  thermal stresses were 
small. The stress r a t i o  f a c t o r s  obtained were neve r the l e s s  i n d i c a t i v e  
of the margin of s a f e t y  r e q u i r e d  f o r  blade conf igu ra t ions  under engine 
t e s t  cond i t ions .  If i t  i s  assumed t h a t  t h e  stress r a t i o  f a c t o r  of  2.8 
i s  s u f f i c i e n t  t o  account f o r  such f a c t o r s  as v i b r a t o r y  stress, thermal 
s t r e s s e s ,  m e t a l l u r g i c a l  changes w i t h  t i m e ,  and so  f o r t h ,  the c a l c u l a t i o n s  
i n d i c a t e  t h a t  the c a s t  f i n n e d  b l a d e s  (based on s t r e s s - r u p t u r e  s t r e n g t h  
of HS-31) w i l l  require a coolant-flow r a t i o  of approximately 0.015 f o r  a 
blade l i f e  on t h e  order  of 1000 hours a t  the assumed engine and f l i g h t  
condi t ions . 

The 

The midspan 
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Cooling-air  p re s su re  l o s s e s .  - With the coo l ing -a i r  spanwise temper- 
a t u r e l d i s t r i b u t i o n  and the  t i p  s t a t i c  pressure,  the p r e s s u r e  l o s s  through 
the b lade  w a s  determined f o r  a range of coolant-f low r a t i o s  
from 0.015 t o  0.030. The c a l c u l a -  
t i o n s  i n d i c a t e  t h a t  the coo l ing -a i r  p ressure  l o s s e s  through the f irst-  
s t a g e  t u r b i n e  r o t o r  b lade  are small. Th i s  is p r imar i ly  due t o  the r i se  
i n  coo l ing -a i r  p re s su re  wi th in  the  b l ade  due t o  t h e  pumping e f f e c t  of the 
h igh  r o t a t i v e  speeds.  A t  the coolant-f low r a t i o  of 0.015, the p r e s s u r e  
r i s e  due t o  pumping e f f e c t s  w a s  l a r g e r  than the pressure l o s s e s  due t o  
h e a t  t r a n s f e r  and f r i c t i o n ,  w i th  the r e s u l t  that a small p res su re  r ise 
(0.4 i n .  Hg) w a s  obtained.  
sure r e q u i r e d  a t  t h e  b lade  base t o  compressor-exit p r e s s u r e  f o r  a range 
of coolant-f low r a t i o s .  A t  a coolant-flow r a t i o  of 0.015 the r e q u i r e d  
p res su re  at the b lade  en t rance  i s  only about 61 pe rcen t  of t h e  compressor- 
ex i t  p re s su re .  The c a l c u l a t i o n s  further i n d i c a t e  t h a t  h igher  coolan t -  
f low r a t i o s  can be suppl ied  t o  the b lade  without t h e  b lade  be ing  p res su re  
l imi t ed .  For example, a t  a coolant-f low r a t i o  of  0.03, the r a t i o  of 

PA,i/P;,o is  only about 0.67. "he low r a t i o s  of  t h e  r e q u i r e d  cool ing-  
air p res su re  at t h e  b lade  en t rance  t o  compressor-exit pressure i n d i c a t e  
t'mt r e l a t i v e i y  l a r g e  l o s s e s  i n  the  ducting from tine compressor e x i t  t o  
t h e  b l ade  coo l ing -a i r  en t rance  can be t o l e r a t e d .  Another p o s s i b i l i t y ,  
s i n c e  these l o s s e s  are small, i s  t o  b l eed  the engine compressor a t  p o i n t s  
ahead of the last  s t a g e  and thereby o b t a i n  s l i g h t l y  lower power r educ t ions  
and specif ic-fuel-consumption inc reases  than w i t h  compressor-discharge 
b leed  (ref. 13). Bleeding t h e  compressor ahead of t h e  last  s t a g e  would 
a l s o  provide  lower temperature coo l ing  air t o  the b lade  and t h u s  r e s u l t  
i n  lower b l ade  temperatures o r  permit f u r t h e r  r educ t ion  of coo l ing  air- 
flow t o  t h e  b l ades .  

PAti - Pa,o 
The r e s u l t s  are shown i n  figure 8(a). 

Figure 8(b)  shows a p l o t  of t h e  r a t i o  of p re s -  

SUMMARY OF RESULTS 

The r e s u l t s  of an  a n a l y t i c a l  i nves t iga t ion  t o  determine t h e  b lade  
temperature  d i s t r i b u t i o n s  and coo l ing -a i r  p ressure  l o s s e s  f o r  a small 
a i r - coo led  t u r b i n e  b lade  of a turboprop engine are as fo l lows:  

1. The c a l c u l a t e d  spanwise b lade  metal temperatures agreed  w e l l  w i t h  
s t a t i c  cascade experimental  data. 

2.  Two methods of c a l c u l a t i n g  b l ade  temperatures were employed. One 
method assumed f u l l y  developed coolan t  flow, based t h e  coolan t  p r o p e r t i e s  
on f i l m  temperature,  and considered the  v a r i a t i o n  of p r o p e r t i e s  w i t h  f i l m  
temperature  a long  the  span of the b lade .  The o the r  method considered the 
e f f e c t  o f  t he  length- to-diameter  r a t i o  of the coolan t  passage on the  blade- 
to-coolant  h e a t - t r a n s f e r  c o e f f i c i e n t  and assumed cons t an t  coo lan t  proper-  
t ies  based on the  coolant  bu lk  temperature.  The use of this la t ter  method 
gave t h e  b e s t  agreement w i t h  experimental  data. The agreement obta ined  

moa amam o a a  
0 m a  a m  a o a o a  0 a m 0  a m  0 .  
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was w i t h i n  3 pe rcen t  at t h e  midspan and t i p  r eg ions  of t h e  b l ade .  A t  t h e  
r o o t  r e g i o n  of t h e  blade t h e  agreement was w i t h i n  3 pe rcen t  f o r  coolant  
f l o w s  w i t h i n  t h e  tu rbu len t  f low regime and w i t h i n  10 pe rcen t  f o r  coolant  
f l o w s  i n  t h e  laminar regime. 

3. Calculated coo l ing -a i r  p r e s s u r e  l o s s e s  w i t h i n  t h e  blades agreed 
within 5 pe rcen t  with experimental  d a t a .  

4 .  Calculated spanwise b l ade  metal temperature d i s t r i b u t i o n s  of t h e  
c a s t  f inned blade f o r  assumed ope ra t ion  a t  a t u r b i n e - i n l e t  gas temperature 
of  2000' F i n  a t y p i c a l  turboprop engine a t  f l i g h t  cond i t ions  of 300 knots  
and ar, a l t i t u d e  of 30,000 feet  agreed w e l l  w i th  those obtained by t h e  
e x t r a p o l a t i o n  of t h e  c o r r e l a t e d  experimental  data of a s t a t i c  cascade in -  
v e s t i g a t i o n  with t h e s e  b l ades .  The agreement w a s  w i t h i n  2 pe rcen t  above 
the midspan r eg ion  of t h e  b l ade  and w i t h i n  10  pe rcen t  a t  a d i s t a n c e  3/16 
inch above t h e  b l ade  r o o t .  

5. Ca lcu la t ions  f o r  t h e  assumed engine and f l i g h t  condi t ions a l s o  
ind ica t ed  that t h e  f i r s t - s t a g e  r o t o r  blades of t h e  c a s t  f i n n e d  configura-  
t i o n  (based on s t r e s s - r u p t u r e  s t r e n g t h  of E-31) w i l l  require  a coolant-  
f l o w  r a t i o  of  about 0.015 for a blade l i f e  on t h e  o rde r  of 1000 hours .  
The c a l c u l a t e d  coo l ing -a i r  p re s su re  r equ i r ed  a t  t h e  en t r ance  t o  t h e  f i rs t -  
s t age  r o t o r  b l ades  f o r  t h e s e  cond i t ions  w a s  only about 6 1  pe rcen t  of t h e  
compressor -exit p re s su re  . 

Lewis F l i g h t  Propuls ion Laboratory 
Na t iona l  Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, May 27, 1958 
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Tip (3/16" from blade t i p )  

Midspan (0 .TO" from blade platform) w 

Ffmiro  1. - Cross-sectional views of cas t  finned air-cooled 
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Sheet-meta 1 s h e l l  
(pressure surface) 

In tegra l ly  c a s t  base , 
suction surface,  and 
cooling fins 

( a )  Blade before assembly. 

, 

Bottom view 

(b)  Assembled blade. 

Side view 

Figure 2.  - Blade components before and a f t e r  assembly. 

19 

C-44787 

....................... .......... . . . . .  .... 0 . .  ...... . . . . . . . . . . . . . . . . .  ........ . * .  e 0 .  0 .  . e  . . . . . . .  .................... . e * .  e .  

CMFIDY&IAL 



20 

......................... . 0 .  . 0 .  . 
0 .  0 .  . . . .  . . . . . . . .  ...... . 0 .  . . . . . . . . . . . . . . . .  

P- 

IT 
I 

Static-pressure taps 

Static-pressu 

test blade C, 0 
Air Air 

/ CD- 614 l/ 

Figure 3. - Schematic sketch of apparatus and instrumentation 
for obtaining cooling-air pressure drop through cast finned 
air-cooled turbine blade. 
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Figure 4 .  - Comparison of calculated average blade temperatures with 

Inlet gas temperature, approximately 1 2 0 0 ~  F j coolant-flow 
average experimental cascade temperatures a t  various spanwise posi- 
t i ons .  
range, 0 ta 0.0052 ~ O U K I G  per second. 
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1000 

t o t a l  gas temperature,  
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T a i l s  denote laminar 

200 
( a )  Blade r o o t  (3/16" above platform).  

( b )  Midspan (0.70" above p l a t fo rm) .  

200 600 1000 
Measured average b l ade  temperature, OF 

( c )  Blade t i p  (3/16" from t i p ) .  

Figure 5. - Comparison between ca l cu la t ed  average and measured 
average cascade b lade  metal temperatures a t  s e v e r a l  s p a n d s e  
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Figure  6. - Comparison of ca lcu la ted  b l ade  coo l ing -a i r  pL*essure 
drop wi th  experimental da ta .  
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Figure I. - Calculated blade m e t a l  and cooling-air  spanwise tempera- 
t u r e  d is t r ibu t ions  over range of coolant-flow ra t io s  f o r  f irst-  
stage turbine ro tor  blade i n  a typ ica l  turboprop engine. 
f l i g h t  conditions: 

Assumed 
300 knots at  30,000-foot a l t i t u d e .  



(a)  Pressure loss through blade. 

.015 .020 .025 .030 
Ratio of cooling-air t o  combustion gas 

flow, wa/wg 

(b) Ratio of t o t a l  pressure required at  
blade entrance t o  compressor-exit 
pressure. 

Figure 8. - Calculated cooling-air pres- 
sure l o s s  charac te r i s t ics  f o r  cas t  finned 
turbine ro to r  blade f o r  f l i g h t  conditions 
of 300 knots a t  30,000-foot a l t i t u d e  and 
turb ine- in le t  temperature of 2000' F f o r  
a typ ica l  turboprop engine. 
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